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Abstract. Visual examination of the mandibular organ 
(MO) from the lobster, Homarus americanus, disclosed 
two distinct morphological regions: a fan-folded region 
along one edge of the gland, and a smooth, unfolded region 
comprising the rest of the gland. Because MOs produce 
methyl farnesoate (MF), the MF content of both regions 
was measured. In freshly dissected glands, more than 95% 
of the MF was found in the fan-folded region of the gland. 
In MO sections incubated with [ 3 H-/mY/n7]methionine 
(a radiolabeled precursor of MF), more than 90% of MF 
synthesis was found in the fan-folded region. Eyestalk 
ablation, a procedure that increases MO activity, caused 
the MF content of MOs to increase more than 130-fold, 
but had little effect on the regional distribution of MF. 
Histological observations indicated that these two regions 
had different cellular compositions. The fan-folded region 
contained two cell types (A and B). The A cells were mi- 
totically active and appeared to be undifferentiated. The 
B cells contained a large number of small vacuoles. The 
unfolded region was largely composed of a third cell type 
(C). The C cells were large and morphologically complex, 
containing many mitochondria and large vacuolar-like 
structures. They contained relatively few small vacuoles. 
On the basis of appearance and location, B cells appear 
to be the likely site of MF synthesis. The physiological 
importance of C cells is unknown. 

Introduction 

Mandibular organs (MOs) from several crustacean 
decapods have been shown to produce methyl farnesoate. 

Received 20 July 1992; accepted 22 November 1993. 

Abbreviations: MO mandibular organ; MF - methyl farnesoate; 
EF = ethyl farnesoate. 


a sesquiterpene structurally related to the insect juvenile 
hormones (JH) (Borst et al, 1987; Laufer el ai , 1987; 
Tobe et ai, 1989; Borst and Laufer, 1990). This synthetic 
activity is consistent with MO ultrastructure, which has 
features typical of endocrine cells producing lipid and ste¬ 
roid hormones (Aoto et ai. 1974; Bvard et ai, 1975; De- 
meusy, 1975; Hinsch and al Hajj, 1975; Hinsch, 1977; 
Buchholz and Adelung, 1980). Similar ultrastructural 
features are observed in the insect corpus allatum (CA) 
(Gassier, 1979; Tobe and Stay, 1985), the site of JH syn¬ 
thesis. These similarities of ultrastructure and of bio¬ 
chemical product suggest that the crustacean MO is the 
homologue of the insect CA. 

Although MF is a major MO product, several reports 
have suggested that this tissue produces other endocrine 
products. For example, significant amounts of progester¬ 
one have been detected in lobster MOs by radioimmu¬ 
noassay (Couch et ai, 1987). Moreover, lobster MOs con¬ 
vert pregnenolone to progesterone in vitro (Tsukimura, 
1988). MOs from other species, such as the mud crab 
Scylla serrata and the crayfish Procamhanis clarkii, pro¬ 
duce and release farnesoic acid in vitro (Tobe et ai, 1989; 
Ding and Tobe, 1991). However, the importance of either 
compound as a secretory product in vivo is still uncertain. 

Because of its large size, the lobster MO is an ideal 
tissue for investigating MO function (Byard et ai, 1975). 
In this paper we describe studies on the structure and 
function of this tissue. 

Materials and Methods 

Animals 

Male lobsters (200-300 g) were obtained from the Ma¬ 
rine Resources Department at the Marine Biological Lab¬ 
oratory, Woods Hole, Massachusetts. Animals were kept 
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in running seawater at ambient temperature (15 to 20°C) 
until used. The eyestalks of some animals were severed 
at their base; bleeding was limited by cauterization. An¬ 
imals were eyestalk-ablated 2 weeks before use. 

Materials 

Acetonitrile and diethyl ether (both HPLC grade), and 
hexane (Optima grade) were purchased from Fisher Sci¬ 
entific (Pittsburgh, PA). [ 3 H-/??rt//W]methionine (specific 
activity = 200 mCi/mmol) was obtained from Dupont/ 
NEN (Boston, Massachusetts). JB-4 glyeol methacrylate 
was purchased from Polysciences, Inc. (Warrington, 
Pennsylvania). MF was obtained from Dr. D. A. Schooley 
(Zoecon Research Institute, Palo Alto, California) as a 
mixture of two isomers (approximately 70% 2E,6E and 
30% 2Z,6E). The 2E,6£ isomer was purified by normal 
phase high performance liquid chromatography (np- 
HPLC; see below). Ethyl farnesoate was prepared from 
2EfE methyl farnesoate as previously described (Borst 
etai, 1987). 

Mandibular organ dissection 

MOs were removed from the area adjacent to the apo- 
deme of the mandibular abductor. Some MOs were cut 
transversely with a razor blade into four strips or sections 
(I—IV) of approximately equal width (see Fig. 1). In a few 
cases, each section was further divided into three or more 
pieces of equal size by cutting perpendicular to the 
first cut. 

MF quantification 

Whole MOs or MO sections were homogenized in dis¬ 
tilled water with a Dounce homogenizer; the homogenizer 
was then rinsed with 1% NaCl and the rinse combined 
with the homogenate. The homogenate (or the culture 
medium, see next section) was added to acetonitrile and 
sufficient saline to give a final aeetonitrileiwater ratio of 
5:4. Ethyl farnesoate (5 or 10 ng) was added as an internal 
standard, and the samples were extracted twice with hex¬ 
ane. MF present in these pooled hexane extracts was de¬ 
termined by npHPLC. Briefly, this method involves sep¬ 
arating the hexane extract on a silica column (5 m™, 
4.6 mm X 25 cm) with 1.0% diethyl ether in hexane. Ma¬ 
terial appearing in the same elution volume as 2E6E 
methyl farnesoate was quantified by absorption at 220 nm. 
This value was adjusted for recovery by comparison to 
the internal standard. This method has been validated by 
gas chromatography/mass spectroscopy and has a detec¬ 
tion limit of 0.1 ng/injection (Borst and Tsukimura, 
1991). 

Measurement of MF synthesis 

The synthesis of MF in vitro was measured in sections 
or pieces of MOs incubated at room temperature with 


gentle shaking in Homarus saline (Welsh and Smith, 1960) 
supplemented with glucose (0.1%) and 200 pM pH- 
me//n7]methionine. After two hours, MF was extracted 
from the tissue and the incubation medium. 

These extracts were then used to determine MF syn¬ 
thesis by two different methods. In one approach, np¬ 
HPLC was used to calculate the amount of MF synthe¬ 
sized during the incubation of MOs. This method is fa¬ 
cilitated by the observation that freshly dissected MO pairs 
from the same animal contain similar amounts of MF 
(see Results, Fig. 2). The MF contained in incubated gland 
sections and their culture media was quantified by 
npHPLC. The sum of these values was then compared to 
the MF found in sections of the unincubated contralateral 
pair. The difference between these values is the amount 
of MF synthesized by the MO during the incubation. 

In a second method, the relative level of MF synthesis 
was determined by calculating the transfer of radiolabeled 
methyl groups from [ 3 H-we//n7]methionine to MF during 
incubation (Borst et al ., 1987; Laufer el al ., 1987). Because 
lobster MOs synthesize and release more than one radio- 
labeled organosoluble compound (Borst et al., 1987), the 
hexane extracts of MO sections and their culture media 
were fractionated using the npHPLC conditions described 
above. The radioactive material eluting at the retention 
time of MF was quantified with a liquid scintillation 
counter. The sum of the radiolabeled MF in the tissue 
sections plus that released into their culture medium is a 
measure of MF synthesis by the MO. While this in vitro 
labeling procedure is more sensitive than the npHPLC 
procedure used above, it can be affected by factors other 
than the absolute synthetic rate of the MO. Therefore, 
the results are relative indicators of the level of MF syn¬ 
thesis and are best presented as DPM incorporated into 
MF (Tobe et al., 1989). 

Histology 

Whole MOs were fixed in modified Karnovsky's (1965) 
fixative, which consists of 2.7% glutaraldehyde and 2% 
formaldehyde buffered with 0.1 M sodium cacodylate (pH 
7.3) and adjusted to an osmolality of 835 milliosmoles 
with 10% sucrose. After fixation, the tissue was washed 
with cacodylate buffer, dehydrated in ethanol, and 
embedded at 5°C in glycol methacrylate by the method 
of Butler (1984). Sections were cut dry at 2 pm thickness 
with machine-made Ralph-Bennett knives (Butler, 1979) 
and stained with either Heidenhain's iron hematoxylin 
or Lee's stain (Bennett et al., 1976). 

Results 

Morphology 

The MO has a fan-shaped appearance with a broad 
fan-folded edge at one end and a narrow smooth (un- 
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folded) edge at the other end (see Fig. 1). In situ, MOs 
are oriented with the fan-folded edge posterior and dorsal; 
this edge is the major site of attachment of the gland to 
the apodeme of the mandibular abductor. The narrow 
edge of the MO is anterior and ventral. Macroscopic ex- ^ 
animation of several MOs suggested that they have two 
morphological regions. The fan-folded edge of the gland c 
(approximately 25% of the glandular area) is thinner and w 
has a light yellow color. The rest of the MO is thicker and ^ 

dark beige or tan. MOs from animals that had been eye- ^ 

stalk-ablated 14 days earlier had a larger and thicker fan- * 
folded region. 

MF content and distribution 

MF content was measured in freshly dissected whole 
glands. MF content varied markedly (from 3.2 to 
196.8 ng/MO) between animals, with an average content 
of 55.5 (±12.7. SEM) ng/MO (n = 16). In individual an¬ 
imals, the MF contents of the left and right MOs were 
strongly correlated (r = 0.977; Fig. 2). 

MOs from eyestalk-intact and eyestalk-ablated male 
lobsters were analyzed to determine regional content and 
synthesis of MF. MOs from these animals were divided 
into four sections of approximately equal width (Fig. 1). 

For MOs from eyestalk-intact animals, division of the 
gland into four sections placed the fan-folded region en¬ 
tirely in section I. For MOs from eyestalk-ablated animals, 
enlargement of the fan-folded region resulted in some ot 
this region being included in section 11. 

In every lobster studied (n = 16), MF content was lo¬ 
calized in the fan-folded region of the MO (section 1). 
Figures 3 and 4 show the distribution of MF in MOs taken 
from two groups of animals (eyestalk-intact and eyestalk- 
ablated. respectively) that were analyzed at the same time 
and under similar conditions. Figure 3A shows the dis¬ 
tribution of MF in MOs from the eyestalk-intact animals 
(n = 4). One MO from each animal was analyzed for MF 
immediately after dissection. T he total MF content (the 
sum of the MF found in sections 1-1V) of the freshly dis- 



Figure I. Drawing of lhc lobster mandibular organ (MO). In some 
experiments, glands were divided into the four sections (I—IV) indicated 
by the horizontal dashed lines. Each section was then extracted or in¬ 
cubated in vitro. The fan-folded edge of the gland is in section 1. 
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Figure 2. Symmetry of methyl farnesoale (MF) content in right and 
left MOs. Whole MOs were extracted and their MF content determined 
by normal phase high performance liquid chromatography (npHPLC). 
Each point indicates the MF content ol the left and right MOs of a single 
animal (n = 16). The line represents the linear regression; r = 0.977 and 
the slope “ .978. 

sected glands was 43.1 (±7.7, SEM) ng/MO. Most (95.3% 
± 3.3, SEM) of the MF in each gland was found in section 
I, with the remainder (4.7% ± 3.3, SEM) in section II. No 
MF was detected in sections III and IV. 

Although the distribution of MF in freshly dissected 
MO suggested that MF was produced in the fan-folded 
region in eyestalk-intact animals, MF might have been 
produced elsewhere in the MO and then sequestered in 
the fan-folded region. Therefore, the contralateral MOs 
from the animals shown in Figure 3A were divided into 
sections and incubated separately in medium containing 
[ 3 H-/??c//?y/]melhionine. After incubation, the MF content 
of each section and the MF released into the incubation 
medium were determined by npHPLC. The incorporation 
of radiolabeled methionine into MF was also determined 
in these samples. 

The total MF content of these incubated MO sections 
was 170.7 (±36.7 SEM) ng/MO. Of this amount, 7.8% 
(±0.9, SEM) was released into the medium. Because the 
MF content of paired MOs from eyestalk-intact animals 
is similar (Fig. 1), the amount of MF produced during 
incubation was determined by subtracting the MF content 
of the unincubated contralateral glands (43.1 ng/MO). 
Thus, MF production during the 2-h incubation was ap¬ 
proximately 128 ng/gland. Most (90.8% ± 4.7, SEM) of 
the MF contained in each incubated MO was found in 
section 1, though small amounts were present in the other 
three sections (Fig. 3A). Thus, MF production during the 
incubation was largely restricted to the fan-folded region. 
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Figure 3. Regional distribution and synthesis of Ml in MOs from 
evestalk-inlact lobsters. Both MOs from each animal {n 4) were divided 
into four sections as in Figure 1 (A) MF content: Sections of the left 
MO were analyzed for MF content b\ npHPLC. The MF content of 
each section is expressed as a percentage of the total MF content of the 
MO (% Total MF Content). No MF was detectable in sections Ill and 
IV. Sections of the right gland were incubated individually for 2 hours 
in Homarus saline supplemented with [ 3 H-we//?W]methiomne. The MF 
content of each incubated section and its culture medium was also quan¬ 
tified by npHPLC and is displayed as a percentage of the total MF content 
of the incubated MO. (B) Radiolabel incorporation: The radiolabeled 
MF in the MO sections incubated above was calculated from the amount 
of radioactivity present in the fractions eluting with MF : during npHPLC. 
Results are expressed as a percentage of the total radioactive MF : produced 
by the gland (% Total DPM). 


This conclusion was confirmed by analyzing the in¬ 
corporation of [ 3 H-we//?v/]methionine into MF by the 
incubated MO sections (Fig. 3B). The total synthesis of 
radiolabeled MF by the MO sections was 66,600 (± 17,760, 
SEM) DPM/gland. Of this amount, 14.3% (±3.1, SEM) 
was released into the medium. Most (95.7% ± 3.6, SEM) 
of the radiolabeled MF found in each MO was in section 
I, though small amounts were found in the other sections. 


The production of radiolabeled MF was studied further 
by dividing the four MO sections from two animals into 
several (3 or 6) pieces. Each piece was then incubated 
with [ 3 FI-/mV/n7]methioninc and MF synthesis deter¬ 
mined. More than 99% of the radiolabeled MF was pro¬ 
duced by pieces obtained from section I. Every' piece pro¬ 
duced MF, and those from the middle of this section pro¬ 
duced the largest amounts (data not shown). 

The distribution of MF was also determined in freshly 
dissected MOs from eyestalk-ablated animals (n = 4). The 
total MF content of these glands was 5,627 (±730, SEM) 
ng/gland, about 130-fold greater that the MF content of 
MOs from the group ofeyestalk-intact animals (P< .0001; 
/-test). As in the intact animals, the MF content of MOs 
from the eyestalk-ablated animals was localized to the 
fan-folded region of the MO (Fig. 4). Most (74.3% ± 9.2, 
SEM) of the MF in each gland was found in section I; but 
a substantial amount (20.3% ± 9.0, SEM) was found in 
section 11 due to the enlargement of the fan-folded region. 
The other two sections contained only small amounts of 
MF «4% each). 

Histology 

Light microscopy showed that the two regions of the 
MO contain different cell types. Two cell types (A and B) 
arc found in the fan-folded region of the gland. A single 
cell type (C) predominates in the rest of the gland. The 
A cells are a minor cellular constituent of the fan-folded 
region and were not always seen. When present, they were 
found along the outer edge of the fan-folded region and 
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Figure 4. Regional distribution of MF in MOs from eyestalk-ablated 
lobsters. The left MOs from each animal (n = 4) were divided into four 
sections. Each section was analyzed for MF content by npHPLC. The 
MF content of each section is expressed as a percentage of the total MF 
content of the MO (% Total MF Content). 
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were arranged into cords. Of the three cell types, the A 
cells are the smallest and have the highest ratio of nuclear 
to cytoplasmic material (see Fig. 5). These cells frequently 
contain mitotic figures. Their nuclei are oval or irregularly 
shaped. The A cells have no distinguishing cytoplasmic 
features and may be relatively undifferentiated. 

The B cells are the predominant cell type in the fan- 
folded region, extending from the interior of the gland to 
the A cells, when the latter are present. The B cells are 
larger than the A cells and have smaller nuclear-to-cyto- 
plasmic ratios, reflecting an increase in cytoplasmic mass. 
Their nuclei are round or oval, and their cytoplasm con¬ 
tains many small vacuoles (Fig. 6). Situated between the 
A cells and the B cells are cells with characteristics inter¬ 
mediate to those of the A and B cells; they may be im¬ 
mature B cells. 

The C cells are very large and have the smallest nuclear- 
to-cytoplasmic ratio (Fig. 7). Their nuclei are spherical, 
and their cytoplasm contains several distinct cytological 
features, including large vacuolar-like structures. In pre¬ 
liminary electron micrographs (not shown) these struc¬ 
tures contain large masses of smooth endoplasmic retic¬ 
ulum. The cytoplasm of the C cells also contains many 
mitochondria, but relatively few small vacuoles. 

Discussion 

The gross morphology of the lobster MO suggests that 
the fan-folded edge is distinct from the rest of the gland. 
This was confirmed by the studies reported in this paper, 
which demonstrated that these two regions differ in both 
their biochemical and histological characteristics. 

Biochemical studies showed that MF in unincubated 
MOs was localized in the fan-folded region of the MO. 
The possibility that this region is the site of MF synthesis 
was tested by determining the production of MF by in¬ 
dividual MO sections in vitro . The MF measured in these 
sections was found largely in the fan-fold region, indicating 
that MF synthesis was occurring primarily in this region. 
The production of radiolabeled MF was also highest in 
this region. Taken together, these studies demonstrate that 
MF production is an important function of the fan-folded 
region of the MO. 

The total MF content of the incubated MO sections 
was fourfold greater than that of the unincubated contra¬ 
lateral MO. Thus, the production of MF by the MO during 
incubation was substantial [63 ng (256 pmole) per hour]. 
This level falls within the range of synthetic rates observed 
previously for other species (Sagi ct a!., 1991). About 8% 
of the MF present in the MO was released during the 2- 
h incubation, confirming reports by others (Tobc ct at., 
1989; Ding and Tobe, 1991) that MF release by incubated 
MO is low. This low level of MF release in vitro stands 
in contrast to the apparent rapid release of MF by the 


MO in vivo (Tsukimura and Borst, 1992). Overall, these 
observations suggest that the mechanisms responsible for 
releasing MF arc impaired during the in vitro incubation. 
We have previously shown that the percentage of MF 
released in vitro increases when MOs from Libinia cmar- 
ginata were incubated in culture medium supplemented 
with hemolymph. Thus, the hemolymph of this crab ap¬ 
pears to contain a factor that facilitates MF release (Borst 
ct at., 1990). Lobster MOs may require a similar factor 
for MF release. 

Regional production of MF was also observed in MOs 
from eyestalk-ablated animals. Eyestalk ablation causes 
hypertrophy of the MO in several crustaceans (Byard, ct 
at., 1975; Hinsch, 1977; Le Roux, 1983) as well as an 
increase in MF synthesis by MOs (Laufcr ct at., 1987). 
We have previously shown that eyestalk ablation has an 
acute effect on the MF content of lobster MOs, causing 
a 13-fold increase in MF content 2 days after eyestalk 
ablation (Tsukimura and Borst, 1992). This effect is con¬ 
firmed and extended in this study, in which the MF con¬ 
tent of the MO increased 130-fold in animals that were 
eyestalk ablated for 2 weeks. Nevertheless, the increase in 
MF content did not affect the distribution of MF in MOs. 
Thus, the rest of the gland does not represent reserve MF 
production capacity that can be activated when the gland 
is stimulated. These observations do not rule out the pos¬ 
sible involvement of other glandular regions in the syn¬ 
thesis of MF precursors such as farnesoic acid. 

Analysis of paired MOs from individual lobsters showed 
that the glands contain similar amounts of MF. This con¬ 
firms and extends a previous study, in which the mean 
MF contents of right MOs and left MOs were statistically 
similar (Tsukimura and Borst, 1992). The symmetrical 
MF content of paired MOs was a critical prerequisite for 
measuring MF production during incubation. 

The similar MF content of paired lobster MOs suggests 
that these glands produce MF at similar rates in vivo. In 
contrast, the in vitro biosynthesis of MF by paired MOs 
from the mud crab Sc vita serrata and the crayfish Pro- 
cambarus clarkii is asymmetric (Tobe ct at., 1989; Ding 
and Tobe, 1991). In addition, asymmetric biosynthesis of 
JH in vitro has also been observed in the corpora allata 
from several insect species (Tobe and Stay, 1985). How¬ 
ever, such comparisons are difficult to interpret. The re¬ 
lationship of in vitro MF synthesis to the activity of the 
MO in vivo is not clear, because tissues incubated in vitro 
are no longer controlled by endogenous regulatory sys¬ 
tems. For the lobster, this is particularly significant, be¬ 
cause eyestalk factors can rapidly affect MF production 
by the MO (Tsukimura and Borst, 1992). 

Our histological studies also show two distinct regions 
in the lobster MO. The fan-folded region contains two 
cell types. The physical relationship of these cells, as well 
as the presence of morphologically graded transitional 
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Figure 5. Light micrograph of A cells found in fan-folded region of the MO Note arrangement of these 
cells into cords. The cells have irregularh shaped, small nuclei and a homogeneous cytoplasm. Mitotic 
figures are present Scale 5 







MF PRODUCTION IN THE LOBSTER MO 


15 


forms, suggests that A cells provide the precursor cells 
that differentiate into B cells. Based on their morphological 
characteristics and location within the fan-folded region, 
the B cells are the most likely site of MF synthesis. 

The rest of the gland contains predominantly C cells, 
whose function and relationship to the other two cell types 
are unknown. Preliminary ultrastructural studies suggest 
that these cells arc active metabolically and may be in¬ 
volved in the synthesis of lipids or steroids. We speculate 
that they may be the sites of the progesterone metabolism 
previously reported in MOs from female lobsters (Couch 
el al ., 1987; Tsukimura, 1988). However, to the best of 
our knowledge MOs from male lobsters have never been 
investigated for the presence of this steroid. In any case, 
the lobster MO may have several products, so the phys¬ 
iological importance of this tissue may be complex. 

The histological and biochemical complexity of the 
lobster MO was unexpected, partly because of the simi¬ 
larity between the MOs of other crustaceans and the CA 
of insects. In insects, the CA contains only one type of 
glandular cell (Tobe and Stay. 1985). Likewise, cytological 
observations of MOs from other crustaceans (Aoto cl al., 
1974; Byard el al., 1975; Demeusy, 1975; Hinsch and al 
Hajj, 1975; Hinsch, 1977; Buchholz and Adelung, 1980) 
also suggest that the glands are relatively homogeneous. 
MOs from adult female spider crabs, L. emarginala, have 
two cell types that differ in their staining properties, but 
have similar ultrastructural characteristics. In addition, 
there is no indication that these cells were regionally dis¬ 
tributed in the MO of this species (Hinsch, 1981). Like¬ 
wise, we found no evidence for regional distribution of 
MF synthesis in MOs from L. emarginata (Tsukimura, 
Martin, and Borst, unpub. data). 

Our studies show that the lobster MO is more complex 
than the MOs of other species, containing at least three 
cell types localized in two areas of the gland. Thus, the 
lobster MO appears to be unique, and may represent the 
fusion of two tissues, one of which synthesizes MF and 
the other of which produces one or more other products. 
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Figure 6. Light micrograph of B cells in the fan-folded region. The nuclei of these cells are oval or round 
and larger than those of A cells. The B cells have a more abundant ground cytoplasm than A cells and 
contain many clear vacuoles. Scale = 5 pm. 

Figure 7. Light micrograph of C cells in the unfolded region. Note the large spherical nuclei and large 
cytoplasmic volume of these cells. The cytoplasm is morphologically complex, containing many mitochondria 
(M), large vacuolar-like structures (L), and some clear vacuoles. Scale = 5 ^m. 
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